Background Patellar tendon ruptures commonly are repaired using transosseous patellar drill tunnels with modified-Krackow sutures in the patellar tendon. This simple suture technique has been associated with failure rates and poor clinical outcomes in a modest proportion of patients. Failure of this repair technique can result from gap formation during loading or a single catastrophic event. Several augmentation techniques have been described to improve the integrity of the repair, but standardized biomechanical evaluation of repair strength among different techniques is lacking. Questions/purposes The purpose of this study was to describe a novel figure-of-eight suture technique to augment traditional fixation and evaluate its biomechanical performance. We hypothesized that the augmentation technique would (1) reduce gap formation during cyclic loading and (2) increase the maximum load to failure. Methods Ten pairs (two male, eight female) of freshfrozen cadaveric knees free of overt disorders or patellar tendon damage were used (average donor age, 76 years; range, 65-87 years). For each pair, one specimen underwent the standard transosseous tunnel suture repair with a modified-Krackow suture technique and the second underwent the standard repair with our experimental augmentation method. Nine pairs were suitable for testing. Each specimen underwent cyclic loading while continuously measuring gap formation across the repair. At the completion of cyclic loading, load to failure testing was performed. Results A difference in gap formation and mean load to failure was seen in favor of the augmentation technique. At 250 cycles, a 68% increase in gap formation was seen for the control group (control: 5.96 ± 0.86 mm [95% CI, 5.30-6.62 mm]; augmentation: 3.55 ± 0.56 mm [95% CI, 3.12-3.98 mm]; p = 0.02). The mean load to failure was 13% greater in the augmentation group (control: 899.57 ± 96.94 N [95% CI, 825.06-974.09 N]; augmentation: 1030 augmentation: .70 ± 122.41 N [95% CI, 936.61-1124; p = 0.01). Conclusions This biomechanical study showed improved performance of a novel augmentation technique compared with the standard repair, in terms of reduced gap formation during cyclic loading and increased maximum load to failure. Clinical Relevance Decreased gap formation and higher load to failure may improve healing potential and minimize failure risk. This study shows a potential biomechanical advantage of the augmentation technique, providing support for future clinical investigations comparing this
Introduction
Rupture of the patellar tendon is a potentially disabling injury typically often treated with surgical repair [11, 20, [25] [26] [27] [28] 37] . Successful repair can prove challenging owing to the high mechanical loads across the repair and the impaired healing potential of tendons because of their relatively poor blood supply. Incidence of patellar tendon injuries is estimated at 0.68 of 100,000 persons per year, with a mean age at rupture of 49 years for males and 69 years for females [4] . Medical comorbidities such as diabetes, renal failure, systemic lupus erythematosus, and long-term corticosteroid therapy have been implicated in an increased risk of tendon rupture [12, 14, 29] . Pathologic examination of ruptured tendons has shown histopathologic changes of degenerative tendinopathy, chronic tendinitis, and collagen degradation, which is particularly true for patients who sustain bilateral ruptures [39] .
Surgical treatment of patellar tendon ruptures is indicated in patients fit for elective surgery to restore integrity of the extensor mechanism; the most-commonly described technique involves four-strand suture fixation of the tendon passed through transosseous patellar tunnels [11, 20, 27, 32] . The repair is tensioned and the sutures tied over the superior pole of the patella. Use of this simple suture technique has been associated with failure rates requiring reoperation as high as 66% in rupture after TKA [2, 17, 34] , but no failure data have been clearly reported for suture repair of acute ruptures of native knees. The feared complication of catastrophic repair failure historically has led many surgeons to recommended a period of postoperative knee immobilization in extension to decrease the strain across the repair [13, 20, 22, 30, 33, 37] ; however, the benefits of early motion have been shown to include adhesion reduction, improved knee motion, and promotion of tendon healing with earlier remodeling of collagen fibers and increased collagen filaments crosslinking and strength [8-10, 21, 24, 31, 38] . As a result, several augmentation techniques have been described to allow for earlier motion and full weightbearing and perhaps decreasing the risk of failure [1, 6, 13, 15, 16, 23, 25, 26, 28, 30, 33, 36, 40] . Many of the proposed augmentation techniques have required a second operation for removal of the hardware or synthetic material used in the augmentation [6, 15, 26, 36] . Despite numerous small retrospective studies that exist describing patellar tendon repairs with and without augmentation, standardized evaluation of the repairs is lacking and no clinical trials exist comparing different repair methods. Only more recently have biomechanical studies appeared which systematically compare the strength and efficacy of various techniques, but the preferred repair method often is debated [3, 7, 19, 35] . Additionally, the role of gap formation across a repair and the loads experienced by the repair before catastrophic failure are not well defined. A better appreciation of these variables could result in more resilient repairs and improved outcomes.
The purpose of our study was to describe and evaluate the mechanical properties of a novel patellar tendon suture repair technique, which was developed and used clinically at our institution with promising anecdotal clinical results. The described technique is a simple augmentation to standard transosseous tunnel suture repair. We hypothesized that the novel augmentation technique would (1) reduce gap formation during cyclic loading and (2) increase the maximum load to failure compared with standard suture repair without augmentation.
Methods
A biomechanical testing model was developed based on work described by Ravalin et al. [35] . Twenty fresh-frozen cadaveric knees, 10 left and right pairs, harvested midthigh to mid-tibia, were used for comparison between the two repair techniques. The average donor age was 76 years (range, 65-87 years), with two males and eight females. The specimens were free of any overt pathologic conditions and the patellar tendons were inspected for any preexisting damage. The skin and subcutaneous tissue were removed, preserving the extensor mechanism, retinaculum, and joint capsule. To simulate a patellar tendon rupture at the level of the inferior pole of the patella, each specimen tendon was transversely cut 2 mm distal to the inferior pole. The specimen pairs were blindly randomized to one of two groups: (1) left knee control/right knee augmentation or (2) right knee control/left knee augmentation; allocating five pairs in each group. Given their randomization, one knee was repaired using the standard transosseous tunnel suture approach with a modifiedKrackow suture technique (control) and the other knee received the experimental augmentation repair technique. The same surgeon (JCB) performed all repairs to standardize technique and minimize confounding factors and variability between repair types.
Control Repair Technique
Two Number 5 Ethibond TM (Ethicon Inc, Somerville NJ, USA) sutures were woven into the patellar tendon using the suture technique described by Krackow et al. [18] . Three vertical transosseous bone tunnels were made in the patella using a 2.5-mm drill bit. The two central suture limbs from each Krackow loop were passed through the central bone tunnel and the remaining medial and lateral suture limbs were passed through their respective medial and lateral bone tunnels. Using a free needle, the two central sutures were passed through the quadriceps tendon along the superior pole of the patella to the corresponding medial and lateral sutures to minimize tissue entrapment with knot tying. The repair was tensioned and the sutures tied with the knee in 30°flexion (Fig. 1) .
Experimental Repair Technique
The suture repair via three vertical transosseous bone tunnels was performed as described for the control technique. Augmentation used two additional oblique drill tunnels made between the vertical tunnels; each oblique drill tunnel was made with a 2.5-mm drill bit, beginning at the inferior pole of the patella and exiting on the anterior patellar surface. One Number 5 Ethibond TM suture was placed in a figure-of-eight fashion through these two oblique patellar bone tunnels to capture the proximal extent of the modified-Krackow suture repair (Fig. 2) . Specifically, the augmentation suture is passed through one oblique tunnel from proximal to distal, then through the ruptured end of the tendon, posterior to anterior (capturing the Krackow loops), then through the other oblique tunnel, and then again through the ruptured end of the tendon, posterior to anterior (capturing the Krackow loops). This allows the augmentation suture to tension the entire modified-Krackow repair to the patella without pulling out through the tendon. With the knee in 30°flexion, all sutures were tensioned and the central figure-of-eight augmentation suture was tied first followed by the sutures along the superior patella (Fig. 3) .
Testing Apparatus and Protocol
The study began with 10 pairs of specimen knees, but one pair was excluded owing to technical failure of the motion capture system to accurately record gap data, leaving nine pairs of knees available for analysis. For each tested specimen, 5-mm diameter spherical reflective markers were placed on both sides of the repair and affixed using cyanoacrylate glue; one marker secured to the anterior patellar surface, a second marker distally on the patellar tendon, and a third marker on the tibial tubercle (Fig. 4) . The three reflective markers allowed for real-time tracking of the gap formation across the repair site using a Qualisys (Highland Park, IL, USA) motion capture system with two tracking cameras at a sampling rate of 1000 Hz. This system can resolve spatial differences down to 0.1 mm. Systematic translation and rotation of the individual markers that occurs during testing is accounted for by the processing software and gap formation is calculated only on the relative motion between markers.
The quadriceps tendon was sutured to 1-inch nylon webbing with a minimum of 10 interrupted Number 5 Ethibond TM mattress sutures. A proximal loop in the nylon webbing allowed for connection to an Instron 1 Model 5866 servohydraulic testing machine (Instron 1 , Norwood, MA, USA) equipped with a 10-kN load cell via a cable and pulley mechanism. The femur was secured to a custom apparatus allowing the tibia to hang free with the knee at 90°at rest (Fig. 5) . To simulate the weight of an intact leg and foot, a 5-pound weight was attached to the tibia via external fixation components 33 cm distal to the medial femoral epicondyle (axis of rotation). Previous studies have used this construct, which simulates the moment arm of an average 70-kg person (Fig. 6) [3, 5, 19, 35] .
Using displacement control parameters, each specimen then was extended to 5°for 250 cycles at 1 mm per second whereby each specimen was extended to 5°from the 90°p osition. From there, the limb was returned to 90°by gravity under position control. No phase lag was observed as the limb was not allowed to enter the next extension cycle until it had flexed to the original 90°position. The flexion angle was determined dynamically using the Qualisys motion capture system. The force applied across the repair site was recorded through each cycle and the motion capture system continuously measured gap formation across the repair site. As described by Ravalin et al. [35] , 250 cycles was chosen as the primary endpoint for cyclic evaluation. Gap formation was recorded for analysis after 1, 10, 25, 50, 100, 150, 200, and 250 cycles during cyclic load testing. At the completion of 250 cycles, the knee was fixed in 45°flexion and increasing axial loads were applied at a fixed displacement of 1 mm per second until the repair construct failed. We used this failure testing model as described by Bushnell et al. [3] . The mode of failure and applied force were recorded at catastrophic failure. The specimens were kept hydrated with normal saline spray throughout testing.
Statistical Methods
Two-way ANOVA testing (with Tukey's post hoc multiple comparisons) was performed for the gap formation data where cycle number and repair techniques are assumed to be independent input variables to the resultant gap. The paired t-test was used for ascertaining the effects of repair technique on load-to-failure data. A p value less than 0.05 was considered significant. Correlation analyses were conducted using a Pearson's correlation after confirming for data normality and equal variance. The sample size powered the experiment to at least a value (1-b) of 0.60. All statistical calculations were performed using GraphPad Prism 1 (GraphPad Software, La Jolla, CA, USA).
Results
Mean gap formation was less in the augmentation group at all cycle counts (p \ 0.01) (Fig. 7) . After the first 50 cycles, the mean gap was 271% greater in the control compared with the augmented repair group (p \ 0.01 N] ; p = 0.01). All samples failed at the suture repair site with the exception of two that underwent the augmentation technique, which failed at the quadriceps tendon interface with the testing apparatus. With respect to failure load, age did not affect the biomechanical behavior of the patellar tendons, with the numbers available (p = 0.17). 
Discussion
Prompt surgical repair of patellar tendon ruptures is preferred in patients fit for surgery to restore the extensor mechanism and allow optimal return to function [22, 28, 37] , but studies disagree about the best surgical technique [7, 11, 15, [25] [26] [27] [28] . Despite routine use of the transosseous tunnel and modified-Krackow suture technique, little is known about the biomechanical properties of this repair method. Alternative fixation options such as suture anchors and various augmentation techniques have been described but supported with limited biomechanical evidence [3, 7, 13, 15, 16, 23, 30, 36, 40] . Our study provides a better understanding of the gap formation that can occur after patellar tendon repair and our proposed augmentation technique showed a substantial decrease in gap formation and an increase in ultimate strength of the repair compared with a common repair technique. There are several limitations to this study. First, to our knowledge there are no studies defining patellar tendon repair failure, specifically evaluating critical gap formation and how much load is experienced across the repair site in clinical scenarios. Thus, it is difficult to translate these results in clinical practice. However, we do appreciate that gap and excessive load can result in patellar tendon repair failure, so surgeons historically have tried to mitigate the risk by adding augmentation to these repairs. For surgeons who are concerned for failure or previously have used augmentation, this technique can provide an alternative method for strengthening the repair. Second, our goal was to define a simple augmentation technique that decreases gap formation and increases repair strength, with minimal downside. However, we recognize that switching to a new technique comes with a learning curve and comfort factor. We believe this augmentation method is simpler than other previously described techniques [13, 15, 16, 23, 25, 30, 36] and does not require additional exposure or instrumentation. As with many new techniques, an initial attempt with the technique in a cadaver laboratory setting could prove beneficial but we believe the technique can be incorporated easily in clinical practice.
As with any biomechanical study, it can be difficult to translate the properties of cadaveric tissue and controlled biomechanical testing protocol to the complex scenarios imparted by in vivo situations. No data exist that define failure parameters in a clinical setting, which can make a direct comparison difficult; however, the protective benefits of our augmentation as shown in this laboratory study provide an impetus to explore the technique clinically. Additionally, our model for simulating a patellar tendon rupture by transecting the tendon off the inferior pole of the patella may not represent the commonly encountered longitudinally shredded appearance of the in vivo tendon rupture. In the standard transosseous tunnel repair and augmented repair, the primary method for securing the tendon involves the modified-Krackow stitch. The augmentation suture is independent of the tendon fixation, as it secures the modified-Krackow loops to the patella, therefore our technique should work regardless of the characteristics or location of the ruptured tendon assuming the modified-Krackow fixation is adequate. This same concept can be used to appreciate how the age and quality of cadaver tissue may not be important when directly comparing the difference between the control and augmentation techniques. Finally, although we were able to discern decreased gap formation and increased load to failure in the new technique, the sample size was relatively small, and the clinical relevance of the effect sizes we observed are unknown; however as there appears to be little disadvantage to this approach, the potential for a stronger repair-which may support earlier weightbearing and ROM-is appealing.
In the augmented and control groups, the majority of the gap formation occurred during the first 50 cycles. We speculate that the observed gap formation could result from the creep behavior of the tendon's response to the repair technique and suture cut-out of the tendon. The patellar tendon, like all viscoelastic materials, is susceptible to creep behavior where the tissues continue to deform under sustained load application. Moreover, creep can accumulate through repeated cycles. Although it is difficult to determine the cause of the initial gap formation, it appears consistent between the two testing groups.
In an attempt to avoid immobilization and encourage early weightbearing and knee motion, augmentation techniques have been proposed to provide additional strength to patellar tendon repairs. Despite the numerous small retrospective series on repair techniques with and without augmentation [1, 6, 11, 13, 15, 16, 23, 25, 26, 28, 30, 33, 36, 40] , the biomechanical evidence is limited. In 2002, Ravalin et al. [35] were the first to describe systematic testing of the efficacy of suture and cable augmentation using a biomechanical model. Using 12 cadaver knees, they evaluated the repair site gap formation under cyclic loading for the common transosseous tunnel modifiedKrackow suture repair technique compared with two augmentation methods: a Number 5 Ethibond TM or a 2.0-mm Dall-Miles 1 cable (Stryker Corporation, Mahwah, NJ, USA) placed in a cerclage-loop fashion through the tibial tubercle and a horizontal patellar drill tunnel. Their reported gap formation across the standard suture repair averaged 7.3 mm while the Number 5 Ethibond TM and Dall-Miles 1 cable augmentation groups averaged 4.9 mm and 3.5 mm, respectively. They concluded that repair augmentation was necessary to decrease gap formation during early postoperative mobilization of the knee. The current study further supports the use of augmentation techniques, as our augmentation suture technique decreased gap formation during cyclic loading.
The biomechanical testing protocol described by Ravalin et al. [35] [7] , maximum load to failure for titanium and hydroxyapatite suture anchors was reported to be 597 N and 689 N, respectively. For transosseous suture repair, the maximum load to failure was 301 N. However, they performed a modified transosseous suture repair using Number 2 Ultrabraid TM (Smith & Nephew, Memphis, TN, USA) suture with the knots tied at the patellar tendon end, rather than over the superior pole of the patella. When comparing our load to failure with those of previous studies [3, 7] , we found that the mean load to failure for the standard transosseous suture technique was 899.57 N and the mean load to failure for the augmentation technique was 1030.7 N, both of which are higher than previously reported. Variations in repair techniques and testing protocols could account for this difference, however our increased load to failure with the augmentation technique compared with our control shows a successful increase in the strength of the repair.
The findings from our study show that augmentation of patellar tendon repairs can decrease gap formation across the repair site and increase the overall strength of the repair. Our proposed augmentation technique performed extremely well in biomechanical testing, providing support for future clinical investigations comparing this method with others that are in common use, such as transosseous suture repair [27] and suture anchor fixation [3, 7] . Additionally, this study has highlighted our continued need to investigate what constitutes the definition and mode of failure of clinically significant patellar tendon repair failures, so we can further direct our research efforts.
